Escherichia coli cyclophilin PpiB is a peptidyl-prolyl cis/trans isomerase (PPIase, EC: 5.2.1.8), involved in the negative modulation of various bacterial processes, such as swimming and swarming motility and biofilm formation ability. In this study, we show that PpiB possesses also a chaperone function as it can prevent the thermal denaturation of citrate synthase even with essentially eliminated PPIase activity. We demonstrate, using active site mutations, that the PPIase activity of PpiB is required in all processes, except for the negative effect on swimming, indicating a possible isomerase-independent function. Additionally, we show that the reduced PPIase activity of PpiB does not prevent the association with all prey proteins tested and that the PPIase active site is not involved necessarily in each association. We also used a random mutagenesis approach, to identify amino acid residues apart from the catalytic site, which are necessary for PpiB function. The combination of enzymatic studies concerning the PPIase and chaperone activities of each mutant protein, with structural analyses based on 3D models, provided further insights into the effects of the mutations on the function of PpiB and showed the importance of structural features in addition to the catalytic site, for its in vivo role.
Introduction
Bacteria need to adapt constantly to changing environmental conditions, and they can survive environmental stresses by moving to better niches, using swarming motility, or they can adhere to surfaces and form biofilm communities, where they are enclosed in a self-produced extracellular matrix (Eberl et al. 1999; Stoodley et al. 2002; Rather 2005; Verstraeten et al. 2008) . In contrast to swimming, which represents individual cell motility in aqueous environments, individual bacteria are not able to swarm, as swarming motility is the result of close cell-cell interactions (Eberl et al. 1999; Harshey 2003) . In addition to morphological changes in the cells at the colony edge, which differentiate into long, aseptate and hyperflagellated bacteria, moving coordinately across surfaces (Harshey & Matsuyama 1994; Shapiro 1998; Fraser & Hughes 1999) , the swarmer cells produce extracellular materials, such as surfactants and exopolysaccharides, to increase surface wetness and thus facilitate movement (Harshey 2003) . Both multicellular behaviors are related to antimicrobial resistance and host-mediated responses (Elkins et al. 1999; Jesaitis et al. 2003; Gooderham et al. 2008; Overhage et al. 2008; Lai et al. 2009; Butler et al. 2010) , and several biochemical pathways which regulate swarming motility also control biofilm formation (Shrout et al. 2006; Caiazza et al. 2007; Kuchma et al. 2007; Pratt et al. 2009 ).
An important level of environmental adaptation is achieved by post-translational protein modifications, affecting different aspects of protein function, such as activity, stability and interaction (Singh et al. 2007; Li et al. 2009; Deribe et al. 2010; Wang et al. 2010) . Such a post-translational protein modification is the cis/trans isomerization of peptidyl-prolyl bonds of proline residues representing a ubiquitous regulatory mechanism conserved from bacteria to humans (Barik 2006) . Although the planar peptide bond in proteins mainly uses the trans conformation (Ramachandran & Sasisekharan 1968) , the proline residues have a relatively high intrinsic probability instead of using a cis conformation. The otherwise slow cis/trans isomerization of the peptide bonds, N-terminal to proline, is a rate-limiting step, accelerated by enzymes with PPIase activity (Barik 2006) . Three different families, cyclophilins, FK506-binding proteins (FKBPs) and parvulins, constitute the enzyme class of PPIases. These families are unrelated with respect to their amino acid sequences and their susceptibility to drug-like inhibitors, such as FK506, rapamycin and cyclosporin A (Galat 2003) .
Several studies have shown that bacterial PPIases appear to be nonessential for laboratory growth, but are important for environmental survival and in pathogenicity. In Escherichia coli, which possesses ten genes coding for PPIases, although all four periplasmic PPIases are dispensable for growth, parvulin SurA is required for pilus biogenesis (Justice et al. 2005) . Furthermore, the cytoplasmic cyclophilin PpiB is involved in swarming and swimming motility and biofilm formation ability (Skagia et al. 2016) . In Bacillus subtilis, disruption of both cyclophilin PpiB and trigger factor, an FKBP, has no effect on cell viability in rich medium or under several stress conditions, but decelerates the growth in poor medium, signifying the essential role of PPIases during starvation (G€ othel et al. 1998) . In Brucella abortus, the double-deletion mutant for both the cytoplasmic and the periplasmic cyclophilins survives poorly various stresses, and cannot efficiently infect host cells (Roset et al. 2013) . Additionally, diverse physiological functions have also been shown for various bacterial PPIases, involving maturation of outer membrane proteins, periplasmic folding of newly translocated proteins and toxins, [NiFe]-hydrogenase biogenesis and oxidative stress response (Hullmann et al. 2008; Vertommen et al. 2009; Malesevi c et al. 2010; Matern et al. 2010; Chung & Zamble 2011) .
The processes of protein folding can be assisted by molecular chaperones and foldases. Chaperones act by preventing the aggregation of protein substrates. They bind to the non-native early folding intermediates, and as a result, they help them to reach a functional conformation (Buchner 1996) . Foldases, on the other hand, catalyze the rearrangement of disulfide bonds (protein disulfide isomerases) or the cis/trans isomerization of peptidyl-prolyl bonds (PPIases) (Schmid 1993; Gilbert 1997; Ruddon & Bedows 1997) . Some PPIases, however, participate in protein folding or can regulate biological processes independently of their catalytic prolyl isomerase function (Chakraborty et al. 2002; Kurek et al. 2002; Gudavicius et al. 2013) . For instance, a recent report by Zhang et al. (2013) showed that four PPIase inactive variants of the human cyclophilin CypA to a tetrapeptide substrate were able to suppress aggregation during arginine kinase refolding as efficiently as the wild-type enzyme, indicating that the enzyme possesses a PPIase-independent chaperone function.
Previously, we have shown that the cytoplasmic cyclophilin PpiB has a negative effect in swimming and swarming motility and biofilm formation ability of E. coli (Skagia et al. 2016) , but it has not been defined whether its prolyl isomerase activity is required for the in vivo function of the enzyme. Here, we show that PpiB, like other single-domain PPIases (Barik 2006; Dimou et al. 2011; Zhang et al. 2013) , in addition to its prolyl isomerase activity, possesses a chaperone function as well. Using active site mutants, we find that the inhibitory function of PpiB in swimming motility is not dependent on its prolyl isomerase activity, whereas the inhibitory function of PpiB in swarming motility and biofilm formation is dependent on it. Furthermore, we show that the reduced prolyl isomerase activity of PpiB does not prevent its association with all prey proteins tested, and the PpiB active site is not involved necessarily in each association. We also use a random mutagenesis approach, which, in combination with the structural characterization of the 3D models of the mutants, provides interpretations of the effects of the mutations on PpiB enzyme activity, as well as on their ability to restore the examined phenotypes.
Results
Negative modulation of swimming motility by PpiB does not involve its prolyl isomerase activity PPIase had no or little impact on protein interactions and/or chaperoning activities, indicating that PPIases can also act as chaperones or accessory components of multiprotein complexes (G€ othel & Marahiel 1999; Chakraborty et al. 2004; Zhang et al. 2013) . In order to clarify the mechanism of PpiB action, we initially sought to examine whether the absence of the prolyl isomerase activity of this enzyme (Compton et al. 1992 ) is responsible for the observed phenotypes of the DppiB strain, by means of examination of the restoration of these phenotypes by active site mutants.
On the basis of previous crystallographic studies ( Kallen & Walkinshaw 1992; Zydowsky et al. 1992) , we engineered two active site point mutations, R43A and F99A, into the PpiB protein (Fig. 1A) and measured their PPIase activity using a standard PPIase assay, using isomer-specific proteolysis by chymotrypsin (Kofron et al. 1991) . Additionally, we examined whether PpiB possesses a chaperone function similar to other bacterial cytoplasmic cyclophilins (Dimou et al. 2011) , by examining its ability to suppress thermal aggregation of citrate synthase (Buchner et al. 1998) , and subsequently tested the possible effects of active site mutations on it. As shown in Fig. 1B ,C, F99A retained 53% of its PPIase activity and almost all of its chaperone activity, whereas R43A retained only 2% of its PPIase activity as well as a significantly reduced chaperone activity.
Subsequently, we cloned the genes encoding the two mutant proteins into the expression vector (E) Swarming area and (F) biofilm formation in polystyrene microtiter plates of E. coli wild-type strain (BW25113), DppiB, DppiB (F99A) and DppiB (R43A) strains. Mean values were obtained from four independent replicates, and error bars represent standard errors. Statistical comparisons were made using ANOVA followed by Dunnett's multiple-comparison test. Asterisks indicate statistically significant differences (P < 0.05).
pPROEX-HTa under the control of the trc promoter, and introduced and over-expressed them into the DppiB strain. When we transformed DppiB cells with F99A, we observed a restoration of the swimming and biofilm phenotypes (Fig. 1D,F) , probably due to the sufficient remaining prolyl isomerase and chaperone activities of the mutant protein, but not a restoration of the swarming phenotype (Fig. 1E) . Furthermore, when we transformed DppiB cells with R43A, we observed a restoration of only the swimming phenotype of the DppiB strain to the wild-type levels ( Fig. 1D-F ).
These data suggest that an essentially enzymatically inactive PPIase active site mutant, such as R43A, can still have some functional role in vivo, possibly acting as a PPIase-independent chaperone, as it can restore the increased swimming motility of the DppiB strain to the wild-type levels. We cannot exclude the possibility that the remaining PPIase activity of R43A is sufficient for its in vivo function toward protein substrates. However, it seems that normal prolyl isomerase activity is required for the negative effect of PpiB on swarming motility and biofilm formation, as the remaining PPIase and chaperone activity of the mutant protein is not sufficient to fully restore the corresponding DppiB phenotypes.
Mutations of PpiB involved in negative modulation of swarming motility
After the observation that the prolyl isomerase activity of PpiB is not required for all of the in vivo functions of the enzyme, we randomly mutagenized PpiB, using error-prone PCR, to address additional structural features required for its function. Our initial search was for mutants that were not able to complement the DppiB hyperswarming phenotype, so we screened approximately 500 strains expressing mutant variants of PpiB for increased or similar swarming motility compared to the DppiB strain.
A total of 22 PpiB mutants were isolated containing one to five amino acid substitutions, which were distributed throughout the protein. Of the eight clones with only one amino acid substitution (N46D, G53V, I68F, M85I, S111P, W118R, S144C and Q148R), four (G53V, I68F, M85I and W118R) were not able to fully restore the DppiB swarming phenotype ( Fig. 2A) . As the clones with more than one substitution mainly remained insoluble, indicating a probable destabilizing effect of mutations on structure and/or solubility, we designed a series of single amino acid substitutions (K25Q, M49L, Q61R, N73D, A90V and F98L), based on the former multiple substitutions. All mutants were expressed at similar levels during swarming, as confirmed by SDS-PAGE, and remained soluble, except K25Q, when purified under native conditions using Ni-NTA resin (data not shown). Yet again, all the six clones could not restore the swarming phenotype, when expressed in the DppiB strain ( Fig. 2A) .
Mutations of PpiB involved in negative modulation of biofilm
When we used the aforementioned PpiB mutants (K25Q, N46D, M49L, G53V, Q61R, I68F, N73D, M85I, A90V, F98L, S111P, W118R, S144C and Q148R) in complementation studies with the DppiB strain grown under biofilm conditions, we observed that all clones, except K25Q, G53V and F98L, were able to restore the DppiB biofilm formation ability to the wild-type levels (Fig. 2B ), indicating that these amino acid residues are required for the negative effect of PpiB on biofilm formation. Interestingly, some of the mutants that complement the DppiB phenotype during biofilm formation, such as M49L, Q61R, I68F, N73D, M85I, A90V and W118R, could not complement the DppiB phenotype during swarming. These results point toward a differentiation in the mechanism of PpiB action, probably due to the involvement of specific PpiB protein substrates during each growth mode, whose binding to PpiB is differentially affected by each mutation.
Structure-function analysis of PpiB in PPIase and chaperone activity
To develop structure-activity relationships and rationalize the effects of the mutations, we subsequently measured the PPIase and chaperone activities of the mutants (N46D, M49L, G53V, Q61R, I68F, N73D, M85I, A90V, F98L, S111P, W118R, S144C and Q148R) and related these activities to the crystal structure of wild-type PpiB (Konno et al. 1996; Edwards et al. 1997) and the structural models of the mutants produced by the Swiss-Model server.
Inspection of the PpiB crystal structure indicates that the mutations N46D, I68F, N73D, A90V, W118R, S144C and Q148R involve surface residues distal to the substrate binding site (Fig. 3C ) and, as expected, do not essentially perturb the enzyme's activity (Fig. 3A,B) . S111P is also involving a surface residue of an exposed loop distal to the substrate binding site, whose mutation to proline appears to be easily accommodated by main chain angle changes and without major effects on the structure. Mutation F98L involves an important residue that participates in the formation of the hydrophobic core. However, the change from Phe to Leu side chain is conservative, and thus, the effects on the structure appear to be minimal (Fig. 3A,B ). M85I involves a buried residue, and the model indicates that the new side chain can be accommodated without major structural disturbance. Mean values were obtained from four independent replicates, and error bars represent standard errors. The horizontal dotted line indicates the BW25113 mean value in each case. Statistical comparisons were made using ANOVA followed by Dunnett's multiple-comparison test. Asterisks indicate statistically significant differences (P < 0.05).
Genes to Cells (2017) 22, 32-44 R43, M49 and F99 are absolutely conserved in cyclophilins and constitute part of a 'dynamic network' of residues, participating in a two-state interconversion between enzyme conformations, bound to the cis and trans substrates (Eisenmesser et al. 2005; Fraser et al. 2009 ). The major catalytic residue R55 (R43 in E. coli), as well as M61 (M49 in E. coli), F113 (F99 in E. coli) and S99, is conformationally coupled to each other via mutual hydrophobic and van der Waals interactions (Fig. 3D ). Our structural model for the M49L mutant shows that the introduced leucine side chain is accommodated, by using a very different rotameric conformation from that of the M49, resulting in loss of the contacts that normally mediate conformational changes. It also disturbs the position of the neighboring residue F99, which also constitutes part of the 'dynamic network' (Fig. 3E ). The structural model for the F99A mutant shows that loss of the bulk of the side chain would not only disrupt the conformational coupling of the dynamic network (Fig. 3F ), but would also create a cavity, which is expected to destabilize the folded structure by 3-4 kcal per mole (Pace et al. 1996) . Consistently, we observed that M49L and F99A mutants both retained approximately 50% of the PPIase activity of the wild-type enzyme ( Figs 3A,  B,1B) .
We have, also, observed a dramatic decrease in the PPIase activity of the G53V mutant (Fig. 3A) , another highly conserved, buried residue, located between the terminus of the b4-strand and the beginning of the L1 loop (Fig. 3C ). The structural model for the G53V mutant shows that the introduced valine side chain is accommodated by pushing away the side chain of the F98 by 0.5 A and by inducing minor changes to the main chain conformation. However, the mutation places the new residue in a region of the Ramachandran plot (Ramachandran & Sasisekharan 1968) , typically occupied only by glycines, indicating that the mutation may result in torsional strain, which could destabilize the structure. In addition, the G53 belongs to a triad of consecutive glycines that may be necessary for a turn in the main chain and thus could affect the structure and flexibility of the L1 loop. Indeed, a recent NMR-based study showed that mutations of two of the three glycine residues to alanine alter the conformational dynamics of the loop and change the enzyme's substrate selectivity (V€ ogeli et al. 2016) . This is consistent with the observed significant decrease in peptidyl-prolyl and chaperone activity of the G53V mutant.
The structural model for the Q61R mutant shows that the introduced R61 side chain is accommodated by using a very different rotameric conformation from that of the Q61. The mutation Q61R is located on the L1 loop (Fig. 3C ), which interacts with the N-terminal part of the polypeptide substrate (Humphrey et al. 1996) . This part of the peptide substrate, which is N-terminal with respect to the proline, has been proposed to rotate 180°on isomerization, whereas the part, which is C-terminal with respect to the proline, remains relatively immobile. The loss of the prolyl isomerase activity (Fig. 3A) , due to the mutation, may be related to the effects on the interactions between the loop and the N-terminal part of the peptide substrate, which are important for the rotation.
PpiB active site is involved in the majority of the interactions of PpiB with prey proteins
As the in vivo function of PpiB is likely accomplished via its interaction with certain proteins, we further sought to define whether the PPIase active site of PpiB is involved in the interaction with previously identified PpiB preys (Skagia et al. 2016) .
For this purpose, we used the F99A mutant in coexpression experiments with DnaK, PflB, Pta or AccC. We independently co-expressed each pair of proteins as two separate polypeptides, with a (His) 6 tag fused at the N-terminus of F99A and an S tag fused at the C-terminus of each prey protein, using the pCDFDuet-1 vector. Only DnaK co-eluted, under native conditions using Ni-resin affinity chromatography, as a stable protein complex with the mutant protein (Fig. 4A) , indicating that the PPIase active site alone is not responsible for the recognition of DnaK and the interaction. On the contrary, the proper conformation of the PPIase active site is essential for the interaction with PflB, because we could not observe any protein interaction among PflB and F99A (Fig. 4A) . Finally, we were also not able to detect any visible interactions among F99A and Pta or AccC, due to their poor solubility when coexpressed with F99A but not with PpiB (Fig. 4A) , something that is also indicative of the necessity for an intact active site, for the interaction and maintenance of the correct conformation of prey proteins.
To further explore the potential involvement of the PPIase active site, on the binding of PpiB to these prey proteins, we determined the inhibitory effect of them on the PPIase activity of PpiB. In all cases except Pta, we observed a decrease in the measured PPIase activity of PpiB, when each prey protein was added in 109 molar excess over PpiB, in the standard PPIase assay (Kofron et al. 1991) ( Fig. 4B) , indicating a possible antagonism of them with the reaction peptide substrate, for the PPIase active site. Pta had no significant influence on PpiB's PPIase activity, indicating that it probably associates with another PpiB domain.
Finally, we also tested whether putative prey proteins such as GlpD, FucK, Rl14, ClpX, HcaB, YifE and DadA, which did not interact with PpiB in our previous studies (Skagia et al. 2016) , were able to inhibit PpiB's PPIase activity. With the exception of FucK, ClpX and YifE, all other proteins had a significant inhibitory effect on the measured PPIase activity (Fig. 4C) , indicating that indeed, they can compete with the reaction substrate for the PPIase active site of PpiB acting as actual prey proteins.
Discussion
In the present study, we examined the role of PpiB structure-function relationships in various bacterial processes such as swimming and swarming motility and biofilm formation ability. Although PPIases, by affecting the conformation of key proline residues of some protein substrates, can regulate their activity, some PPIases participate in protein folding or regulate biological processes independently of their catalytic isomerase function (Chakraborty et al. 2002; Kurek et al. 2002; Gudavicius et al. 2013) . Indeed, our results suggest that the prolyl isomerase activity of PpiB is not necessary for swimming inhibition and for the interaction with certain prey proteins, indicating that PpiB may act through additional functions, other than the catalysis of cis/trans isomerization reactions.
We have observed effects of mutations on PpiB catalytic activity that are consistent with the established knowledge of PPIase structure-function relationships. For example, the effects of mutations R43A, M49L and F99A on PpiB's enzymatic activity confirm the proposed role of the 'dynamic network' of these residues in enzyme activity (Eisenmesser et al. 2005; Fraser et al. 2009 ). In all cases, the mutations are expected to disturb the elaborate chain-like mechanism responsible for interconversion between major and minor conformations of the enzyme. However, although the enzymatic activity appears to correlate with the ability to complement the DppiB swarming and biofilm phenotype, this correlation is not apparent in the case of swimming. The R43A loss-of-function mutation indicates that the catalytic domain of PpiB can have functions separate from its enzymatic PPIase activity, acting probably as chaperone or a protein scaffold that recognizes other proteins, because R43A can complement the DppiB strain during swimming motility but not during swarming motility or biofilm conditions. Mutations that affect the integrity of this scaffold such as hydrophobic core mutations (e.g., F98L) cannot complement the DppiB strain under both swarming and biofilm conditions, although its PPIase activity remains minimally altered. Nevertheless, structural features besides the catalytic pocket appear to be important for the in vivo function of PpiB, possibly due to the dynamic nature of cyclophilin having a function in catalysis (Eisenmesser et al. 2005; V€ ogeli et al. 2016) . For example, mutations like the G53V, although outside of the PPIase active site, cannot restore the DppiB phenotypes.
The cytoplasmic PpiB, in addition to its PPIase activity, also possesses a chaperone function. The integrity of the PPIase active site, although important for the chaperone function, may not be indispensable, as the R43A, as well as the F98L and the F99A mutants, retains a high proportion of their chaperone activity. This may happen because the enzyme could retain its ability to bind to chaperoned proteins, even when its ability to catalyze proline isomerization is reduced. Consequently, the remaining chaperone activity of the various mutants is, possibly, responsible for the observed complementation, in some cases. Conversely, inability of the chaperone-active mutants Solution turbidity in the presence of PpiB after 1200 s was set as 100% of chaperone activity. Mean values were obtained from two independent replicates, and error bars represent standard errors. Statistical comparisons were made using one-way ANOVA followed by Dunnett's multiple-comparison test. Asterisks indicate a statistically significant difference (P < 0.05). (C) Overall structure of PpiB (1LOP) with location and effects of mutations. The protein is shown as a ribbon with the secondary structure elements colored. Mutated residues are shown in stick representation and are colored green when there is minimal or no effect on enzymatic activity and red when there is a significant effect. (D) Residues R43, M49 and F99, shown in space filling representation, make van der Waals contacts to each other as part of a dynamic network. (E) The same residues in the mutant M49L model. The dynamic network is disrupted. (F) The same residues in the mutant F99A model. The dynamic network is also disrupted. The figure was prepared with the VMD program (Humphrey et al. 1996). to complement phenotypes indicates that the chaperone activity alone is not always sufficient to compensate for the loss of PpiB in vivo. Although the exact structural features of PpiB, responsible for the chaperone function per se, remain unclear, structural flexibility and stability may be important, because novel amino acid residues outside the PPIase active site, such as G53 and W118, when mutated, result in reduced chaperone function. Also the W118R mutation indicates that changes in surface residues of the extended site, surrounding the active site, could affect protein-protein interactions responsible for chaperone activity. The selective disruption of either the catalytic or the chaperone function of PpiB would certainly help to distinguish between the two roles. Indeed, mutants such as M49L/Q61R and F98L/W118R show that lower PPIase activity does not always lead to lower chaperone activity and vice versa, indicating that the two functions are separable. Figure 4 Involvement of the PPIase active site in the interactions between PpiB and prey proteins. (A) SDS-PAGE analysis of the soluble cytoplasmic fraction from Escherichia coli BL21(DE3) cells over-expressing PpiB His -DnaK S -pCDFDuet-1 or F99A His -DnaK S -pCDFDuet-1 and the elution fraction after the Ni-NTA purification under native conditions of the PpiB His -DnaK S protein complex or F99A His -DnaK S protein complex. Analogous SDS-PAGE analyses were carried out for the PpiB His -PflB S , PpiB His -Pta S and PpiB His -AccC S protein complexes. Arrows indicate the position of the corresponding proteins. (B, C) Effect of PpiB's prey proteins (DnaK, PflB, Pta and AccC) and putative PpiB's prey proteins (GlpD, FucK, Rl14, ClpX, HcaB, YifE and DadA) on PpiB's PPIase activity. PPIase activity of 0.14 lM PpiB in the presence of 1.4 lM of each protein. Control reactions were carried out in the presence of 1.4 lM BSA. Mean values were obtained from three independent replicates, and error bars represent standard errors. Statistical comparisons were made using either Student's t-test or one-way ANOVA followed by Dunnett's multiple-comparison test. Asterisks indicate a statistically significant difference (P < 0.05).
Concluding, in the present study, we have shown that the prolyl isomerase activity of PpiB is not involved in all the interactions with prey proteins and is correlated with its negative effect on swarming motility and biofilm formation. In support of an in vivo function not limited to prolyl isomerization reactions, various PpiB structural features, apart from the catalytic pocket, appear to be important for its inhibitory role in motility and biofilm formation. Further structural studies, however, should show the way that PpiB associates with specific protein preys, to modulate each bacterial process.
Experimental procedures E. coli strains and plasmids
The wild-type E. coli (BW25113: rrnB3 DlacZ4787 hsdR514 D(araBAD)567 D(rhaBAD)568 rph-1) and the PPIase gene deletion strains used in this work were obtained from the E. coli Genetic Stock Center. All strains were grown in Luria-Bertani (LB) medium or on LB plates. When necessary, the media were supplemented with chloramphenicol (20 lg/mL) or kanamycin (25 lg/mL). The PpiB prey proteins are expressed from pCA24N, a high-copy-number plasmid with a chloramphenicol resistance cassette and the isopropyl-b-d-thiogalactopyranoside (IPTG)-inducible promoter P T5-lac controlling expression of an N-terminally histidine-tagged protein (Kitagawa et al. 2005) . All bacterial strains and plasmids used in this study are listed in Table S1 in Supporting Information.
Motility assays
Swimming and swarming motility assays were carried out as previously described (Skagia et al. 2016) . Overnight bacterial cultures were grown in LB, and 2 lL was dispensed onto the surface of swimming and swarming plates. The swimming plates were prepared with 0.3% 'Fluka' agar, 1% Bacto-tryptone, 0.5% yeast extract and 1% NaCl. The swarming plates were prepared with 0.5% 'Fluka' agar, 1% Bacto-tryptone, 0.5% yeast extract, 1% NaCl and 0.5% D-(+)-glucose. The plates were dried for 1-2 h at room temperature before being inoculated and scanned after 20-h incubation at 30°C, using an ordinary document scanner. Swarming and swimming areas were determined with IMAGEJ <http://imagej.nih.gov/ij/>.
Biofilm formation assay
Biofilm quantification assays were carried out as previously described (O'Toole & Kolter 1998; Skagia et al. 2016) . Ten microlitres of an overnight culture was used to inoculate the polystyrene microtiter wells containing 90 lL of LB medium supplemented with appropriate concentrations of antibiotics and IPTG. The covered microtiter dish was incubated at 30°C for 20 h. The wells were rinsed with distilled water and dried at room temperature before the addition of 200 lL of crystal violet (0.1%) for 20 min. The stained wells were rinsed several times with distilled water, allowed to dry at room temperature and extracted with 200 lL of 20% acetone. The OD (A 550 ) was estimated using the Hitachi U-1100 Spectrophotometer after adjusting the volume to 1 mL with 20% acetone.
Selection of the PpiB hyperswarming mutants and analysis
The mutant PpiB library was made using error-prone PCR. The oligonucleotides Ec.b0525.H.F: 5 0 -AAAGGATCCAGT-TACTTTCCACACCAATCACG-3 0 and Ec.b0525.H.R: 5 0 -AGGAAGCTTTTACTCGCTAACGGTCACGCTT-3 0 , carrying the restriction sites BamHI and HindIII for ligation to the pPROEX-HTa expression vector, were used as primers for amplification of ppiB under error-prone PCR conditions, including use of nonproofreading Taq DNA polymerase, higher than normal deoxynucleoside triphosphate (dNTP) concentration and increased number of amplification cycles. The reaction mixtures contained 5 ng of PpiB.pPROEXHTa, 7.5 lL of dNTPs (10 mM concentration of each), 4 lL of each primer (30 lM concentration each), 10 units of Taq DNA polymerase, 10 lL of 10 9 Taq incubation buffer, 5 lL of DMSO and Milli-Q H 2 O to bring the total volume to 100 lL. The PCR was carried out in the following steps: 95°C for 10 min, 40 cycles of 95°C for 1 min, 58°C for 1 min, 72°C for 1 min and 72°C for 10 min. The ligation mix was transformed into the selection strain DppiB. The PpiB mutants were selected on plates containing 0.25 mM IPTG, 0.5% agar (Fluka; Sigma-Aldrich, St Louis, MO, USA) and 0.5% glucose. The isolates that showed increased swarming area in comparison with the DppiB strain were confirmed by transferring each mutated ppiB gene into a clear genetic background and sequencing it. The interesting mutations were put individually into the ppiB gene by site-directed mutagenesis. The mutagenic primers used are listed in Table S2 in Supporting Information.
Site-directed mutagenesis
PpiB point mutations were engineered using the gene-SOEing method described by Horton (Horton 1995) . The mutagenic primers used are described in Table S2 in Supporting Information. Nucleotides encoding mutated amino acids are underlined. External primers are Ec.b0525.H.F and Ec.b0525.H.R described above. The primary PCR products were purified and then used as templates for the second round of PCR. The final products were digested with restriction enzymes corresponding to the cleavage sites introduced via PCR and ligated into appropriately digested pPROEX-HTa expression vector. For control reactions, the wild-type PpiB was also amplified and ligated into pPROEX-HTa. The absence of undesired alterations was checked by nucleotide sequencing. E. coli BL21 (DE3) cells harboring the resulting vectors were grown at 30°C and induced with isopropyl 1-thio-b-D-galactopyranoside for 4 h. The cells were harvested by centrifugation and disrupted by sonication in lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole pH: 8.0 supplemented with 1 mg/mL lysozyme). The soluble proteins were purified to high purity, under native conditions, by taking advantage of the His tag, using a Ni-resin column (Pierce). To remove any imidazole and salts in the collected fractions, fractions were pooled and dialyzed against 35 mM Hepes buffer pH: 8.0 and 70 mM NaCl, for 12 h. The purity of each protein was verified by SDS-PAGE.
Heterologous co-expression of F99A with PpiB prey proteins in E. coli and purification of protein complexes F99A was co-expressed with DnaK, PflB, Pta or AccC as two separate polypeptides with a (His) 6 tag fused at the N-terminus of F99A and an S tag fused at the C-terminus of each prey protein using the pCDFDuet-1 vector (MilliporeSigma, Madison, WI, USA). The previously described primers carry restriction sites for ligation to the pCDFDuet-1 expression vector (Skagia et al. 2016) . The fragments excised from amplified sequences were cloned between the corresponding sites of pCDFDuet-1, resulting in F99A His -Prey S .pCDFDuet-1. The absence of undesired alterations was checked by nucleotide sequencing. E. coli BL21 (DE3) cells harboring the resulting vectors were grown at 30°C and induced with isopropyl 1-thio-b-D-galactopyranoside for 4 h. The soluble co-expressed proteins were purified to high purity as described above.
Peptidyl-prolyl cis/trans isomerase enzymatic assay
PPIase activity was tested with a chymotrypsin-coupled PPIase assay (Kofron et al. 1991; Dimou et al. 2011) , which is ratelimited by cis/trans isomerization of the Ala-Pro peptide bond of synthetic Suc-AAPF-pNA (Bachem AG, Bubendorf, Switzerland). The assay mixture contained 50 mM Hepes buffer pH: 8.0 and 100 mM NaCl, 50 lg a-chymotrypsin (Fluka; Sigma-Aldrich), 25 lM Suc-AAPF-pNA (5 mM stock dissolved in trifluoroethanol supplemented with 0.45 M LiCl) and the appropriate amount of PpiB. The assay buffer was mixed with a-chymotrypsin and subsequently with cyclophilin. The reaction was initiated inside the cuvette with the addition of the peptide and increase in absorbance at 390 nm was monitored at 4°C, using the HITACHI U-2800 spectrophotometer. For the prey inhibition studies, the appropriate amount of each prey protein was also placed inside the cuvette in addition to the peptide.
Citrate synthase thermal aggregation assay
Thermal denaturation of citrate synthase (0.25 lM final concentration, Sigma) was achieved by incubation at 45°C in 40 mM Hepes pH: 7.5 for 15-20 min, as previously described (Buchner et al. 1998; Dimou et al. 2011) . Aggregation of citrate synthase was measured by monitoring the increase in turbidity at 500 nm in the HITACHI U-2800 spectrophotometer equipped with a thermostated cell holder. Protein disulfide isomerase (Sigma-Aldrich) was used in positive control reactions, and albumin (Research Organics Inc., Cleveland, OH, USA) was used in negative control reactions.
Modeling
Structural models for the different PpiB mutants were generated based on the crystal structure of the wild-type E. coli PpiB complexed with a tripeptide (1LOP; Konno et al. 1996) , either manually or automatically, using the Swiss-Model server (Arnold et al. 2006) . Unless otherwise noted, the Swiss-Models were used for interpretation of the mutations.
